With the completion of the human genome project, single-nucleotide polymorphisms (SNPs) have become the focus of intense study in biomedical research. Polymerase-mediated primer extension has been employed in a variety of SNP assays. However, these SNP assays using polymerase without proofreading function are compromised by their low reliability. Using a newly developed short amplicon harboring restriction enzyme site, EcoR-I, we were able to compare the single-base discrimination abilities of polymerases with and without proofreading function in primer extension in a broad range of annealing temperatures. Thermodynamic analysis demonstrated a striking single-nucleotide discrimination ability of polymerases with proofreading function. Using unmodified 3'-end allele-specific primers, only template-dependent products were generated by polymerase with proofreading activity. This powerful single-base discrimination ability of exo ϩ polymerases was further evaluated in primer extension using three types of 3' terminally modified allele-specific primers. As compared with the poor fidelity in primer extension of polymerases lacking 3' exonuclease activity, this study provides convincing evidence that the use of proofreading polymerases in combination with 3'-end modified allele-specific primers can be a powerful new strategy for the development of SNP assays. (Lab Invest 2003, 83:1147-1154. S ingle-nucleotide polymorphisms (SNPs) are the most common form of genetic variation (Sherry et al, 2000; The International SNP Map Working Group, 2001). In the postgenome era, efficient screening of known SNPs is of paramount importance as it can maximize the value of sequence data from the human genome project in critical applications such as fundamental medical research and individualized medicine. At present the high rate of false-positives is one of the major obstacles to the effective application of available high throughput SNP assays, preventing them from being more widely used in clinical applications (Cargill et al, 1999; Chicurel, 2002; Halushka et al, 1999; Lindblad-Toh et al, 2000; Park et al, 2002; Zhang and Li, 2001) . A high rate of false-positives occurs in multiple SNP assays mainly as a result of the narrow range of thermal hybridization and wash conditions used to differentiate perfect match from singlebase mismatch (Cargill et al, 1999; Chicurel, 2002; Halushka et al, 1999; Lindblad-Toh et al, 2000; Park et al, 2002; Zhang and Li, 2001) . Conventional primer extension and oligonucleotide hybridization are restricted in detecting specifically selected SNPs under strictly optimized conditions (Cargill et al, 1999; Halushka, 1999; Higasa and Hayashi, 2002; LindbladToh et al, 2000; Mhlanga and Malmberg, 2001; Park et al, 2002; Tong and Ju, 2002) . In the parallel analysis of multiple SNPs, however, the high heterogeneity of different SNPs greatly counteracts the accuracy of currently available assays. To facilitate the practical screening of SNPs, both national and international organizations are urgently requiring the development of new technologies for effectively screening known SNP sites (Chicurel, 2002; The International SNP Map Working Group, 2001).
S
ingle-nucleotide polymorphisms (SNPs) are the most common form of genetic variation (Sherry et al, 2000; The International SNP Map Working Group, 2001 ). In the postgenome era, efficient screening of known SNPs is of paramount importance as it can maximize the value of sequence data from the human genome project in critical applications such as fundamental medical research and individualized medicine. At present the high rate of false-positives is one of the major obstacles to the effective application of available high throughput SNP assays, preventing them from being more widely used in clinical applications (Cargill et al, 1999; Chicurel, 2002; Halushka et al, 1999; Lindblad-Toh et al, 2000; Park et al, 2002; Zhang and Li, 2001) . A high rate of false-positives occurs in multiple SNP assays mainly as a result of the narrow range of thermal hybridization and wash conditions used to differentiate perfect match from singlebase mismatch (Cargill et al, 1999; Chicurel, 2002; Halushka et al, 1999; Lindblad-Toh et al, 2000; Park et al, 2002; Zhang and Li, 2001) . Conventional primer extension and oligonucleotide hybridization are restricted in detecting specifically selected SNPs under strictly optimized conditions (Cargill et al, 1999; Halushka, 1999; Higasa and Hayashi, 2002; LindbladToh et al, 2000; Mhlanga and Malmberg, 2001; Park et al, 2002; Tong and Ju, 2002) . In the parallel analysis of multiple SNPs, however, the high heterogeneity of different SNPs greatly counteracts the accuracy of currently available assays. To facilitate the practical screening of SNPs, both national and international organizations are urgently requiring the development of new technologies for effectively screening known SNP sites (Chicurel, 2002; The International SNP Map Working Group, 2001) .
Although at least more than 20 different methods have been developed for SNP screening, none of them is sufficiently accurate or efficient for clinical application (Beaudet et al, 2001; Chicurel, 2002; DelRioLaFreniere and McGlennen, 2001; Fei and Smith, 2000; Higasa and Hayashi, 2002; Huang et al, 1992; Kwok et al, 1990; Mhlanga and Malmberg, 2001; Nurmi et al, 2001; Pastinen et al, 2000; Prince et al, 2001; Shi, 2001; Taylor et al, 2001; Tonisson et al, 2002; Zhang and Li, 2001) . Among these assays, strategies using polymerase-mediated primer extension are still the major approach used to develop SNP screening methods. These methods include the standard allele-specific PCR followed by single-strand conformational polymorphism, 3'-allele-specific primer extension, single-base extension with ddNTPs, 5' fluorescently labeled primers using capillary electrophoresis, real-time PCR, and the recently devel-oped primers modified with locked nucleic acid. The large number of SNP assays developed with 3'-mismatched primers reflects the potential of this approach in identification of SNPs. Surprisingly, one neglected or poorly understood area of SNP analysis has been the role played by the 3'-exo proofreading activity. It has been well known for decades that polymerases with proofreading activity have higher fidelity in DNA chain elongation. It is therefore valuable to compare the advantages and disadvantages of polymerases with and without proofreading function in SNP assay.
This study was designed to evaluate the potential use of proofreading polymerases in single-base discrimination. We focus on the behavior of proofreading at the initiation step of primer extension and on how to convert the base-discrimination ability of proofreading into a conveniently available assay for SNP screening. We first studied the thermodynamics of proofreading unmodified 3' mismatched primers using an amplicon harboring an EcoR-I site. We further tested whether proofreading is able to differentiate isotopically and fluorescently labeled as well as phosphorothioatemodified 3' terminally mismatched primers. Figure 1 shows the results from a gradient primer extension using the amplicon with intact EcoR-I site. At an annealing temperature of 63.6°C or lower, 8 out of 12 annealing temperature points had primerextended products from 3' terminal mismatched primers similar to those of the perfect-matched primers. The unexpected products were from leakage of the off-switch controlled by 3' terminal mismatched nucleotide, which was confirmed with subsequent EcoR-I digestion and sequencing analysis. All eight primer-extended products were resistant to EcoR-I digestion and kept the mismatched nucleotide introduced from the primers.
Results

Leakage Products from Polymerase without 3' Exonuclease
With increasing annealing temperatures, exoϪ polymerase had primer-extension products from perfectmatched primer but failed to extend the 3' mismatched primer. This base differentiation ability at optimal reaction conditions was in accordance with those of SNP assays using similar mechanisms. However, the unique requirement of optimization of individual SNP sites prevents the exoϪ polymerase from parallel analysis of multiple SNPs simultaneously. Regarding the target to be analyzed, the leaking products were false-positives because they kept the mismatched nucleotide from the primers and thus failed to identify the base differences of the target (Fig. 1A) . In high throughput assay, more or less of the primerextended products from exoϪ polymerase will be false-positive from this leakage mechanism as it is impossible to have a universal optimal reaction condition for the large number of different SNP amplicons.
A primer with a mismatch at nucleotide (Ϫ2nt) next to its 3' was used to repeat the primer extension with the same experimental conditions as used above. Similar to the 3' terminal mismatched primer, exoϪ polymerase had primer extended products from many of the annealing temperatures tested (Fig. 1C) . The products from Ϫ2nt mismatched primer were not digestible by EcoR-I either.
To serve as SNP templates, three primer-extension products from 3' terminal mismatch, Ϫ2nt mismatch, and perfect-match primers at annealing temperatures of 49.5 and 58.9°C were also sequenced (Fig. 2) . Sequencing data showed that the primer-extended products from perfect-match primer kept the right sequence at the EcoR-I site, GAATTC, and the products from mismatched primer maintained the mismatched sequences of GAATTG and GAATAC for 3' terminal and Ϫ2nt mismatched primers, respectively.
Single-Base Discrimination by Proofreading
Two DNA templates were used differing from each other by one nucleotide: DNA1 containing the wildtype EcoR-I sequence, . . .GAATTC. . ., and DNA2 harboring the point-mutated EcoR1 sequence of . . .GAATTG. . .. Both templates were analyzed by allele-specific primers using polymerase with proofreading function. As shown in Figure 3 , the primerextension products from the amplicon containing a wild-type sequence of the EcoR-I site was digestible by this enzyme when either the perfect match or the 3' terminally mismatched allele-specific primer was used. However, the amplicon harboring a single-base mutated sequence of the EcoR-I site was not digestible by EcoR1 regardless of whether the perfect match or the 3' mismatched allele-specific primer was used. Extension of mismatched and perfectly matched primers by exoϪ polymerase at various annealing temperatures. (A) Products from perfectly matched primers. (B and C) Primer-extension products with exoϪ polymerase and mismatched nucleotide at or next to (Ϫ2nt) the 3' terminus of the primer; annealing temperatures between 49 and 63.6°C. At annealing temperatures higher than 63.6°C, exoϪ polymerase generated product with only the perfect-match primer; no product was generated with the 3' terminal mismatched primers. Lanes 1, 3, 5, 7, 9, 11, 13, 15, 17, products at annealing temperatures of 49, 49.5, 50.6, 52.2, 54.4, 57.5, 60.9, 63.6, 65.8, and 67.1°C, respectively. Lanes 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 are the corresponding primer-extension products following EcoR-I digestion. All products from perfectly matched primers were EcoR-I digestible. None of the products from the mismatched primers was digestible by EcoR-I.
These data clearly show that the 3' terminal mismatched nucleotide was removed by the proofreading function when the 3' terminal mismatched primers were used. For 3' allele-specific primers, polymerases with proofreading function yield template-dependent products, whereas mismatched nucleotides within the primer were retained in the products amplified by polymerases without proofreading activity.
The 3' terminal-label primer-extension strategy will be generally of more interest in SNP assay development given that it can be employed without the requirement for enzyme restriction sites. With the use of 3 [H]-labeled primer, high isotopic signal was detected (1786 cpm) from products when there was a perfect match between primer and template. This indicates that about 5.7% (1,786/31,000 cpm) of isotopic label was incorporated into the extension products. However, when there was a single-base mismatch between the template and the 3' terminal of the primer, the signal from extension products was as low as the value for background (91 cpm versus background value of 62 Ϯ 19 cpm, mean Ϯ SD from four blank controls). This significant difference demonstrates that a single-base mismatch can effectively trigger proofreading. This result also suggests the possibility of using a signal-detection method for single-base discrimination without the requirement for enzymatic digestion or gel electrophoresis. Similar to isotopically labeled primer, exo ϩ polymerase only yields Rox-labeled products when there was a perfect match between the primer and its template. At 1:20 dilution of the original PCR reactions, the matched products had a peak area value of 3685, whereas Original sequencing data of primer extension products are shown. The products from perfect-match primer maintain the correct sequence of the EcoR-I site, GAATTC. The products from the mismatched primers inherited the mismatched nucleotide from the respective primers as underlined.
Figure 3.
Single-nucleotide identification with 3' terminal mismatched primer extension by Deep Vent (New England Biolabs, Beverly, MA), a polymerase with proofreading function. Deep Vent efficiently generated products having sequences identical to the template. EcoR-I digestion of the primer-extension products indicates that the 3' terminal mismatched nucleotide was removed before the primer was extended. Lanes 1 and 5: products from perfect-match primers. Lanes 3 and 7: products from mismatched primers. Lanes 2, 4, 6, and 8: the same products as in 1, 3, 5, 7, respectively, but after EcoR-I digestion. product yields between mismatched primer and its template showed no Rox-labeled signal when primer extension was done with ϫ0.4 deoxyribonucleoside triphosphate (dNTP) (80 M). Using standard dNTP concentrations (200 M) resulted in very low product yields when there was a mismatch between primer and its template.
With an amplicon containing a single-base mismatch between the 3' terminus of the 3' phosphorothioate-modified primer and the template (ie, template harboring the sequence 3'-cttaac-5'), DNA polymerases with and without proofreading function had very different effects on primer extension. As a control Deep Vent (exoϪ) (New England Biolabs, Beverly, Massachusetts), a DNA polymerase-lacking proofreading function, efficiently yields primerextended products from 3' mismatched primers at an annealing temperature of 62.8°C or lower. This was similar to our previous observation using unmodified primers amplified by exoϪ polymerases (Zhang et al, 2003) . When applied to practical SNP assays, the polymerization from mismatched primers might be the major source of false-positives.
A breakthrough phenomenon was observed when using a proofreading polymerase in combination with 3'-terminus-phosphorothioate-modified, 3'-terminus-mismatched primer: the primers with phosphorothioate-modified 3' termini were not ex- 
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tended at any annealing temperature within the range tested. With the matched amplicon, 3' terminal phosphorothioate-modified primers were well extended as no enzymatic excision by 3' exonuclease was required. These data illustrate a perfect on/off switch in DNA polymerization in primer extension with exo ϩ polymerases having proofreading activity (Table 2) . DNA polymerization was turned on when primer and template were perfectly matched and was turned off when there was a single-base mismatch between the phosphorothioate-modified primer's 3' terminus and the template. Using either short artifical amplicons or natural genomic DNA templates, this data strongly indicates the potential of phosphorothioate-modified primers in practical SNP assays.
Discussion
In this study significant differences were described between the single-base discrimination abilities of polymerases with and without proofreading function. Using a short amplicon harboring an EcoR-I site, proofreading activity was easily evaluated by EcoR-I digestion of the extended products. Over a broad range of annealing temperatures, polymerases with proofreading activity yielded template-dependent products, whereas mismatched nucleotides were retained in the products amplified by polymerases without proofreading activity. The striking single-base discrimination of polymerases with 3' exonuclease was further tested using 3'-end-labeled primers. The latter makes possible the detection of labeled products without the need for gel electrophoresis.
The proofreading function efficiently removed the labels from mismatched primers. Only products from matched primer led to strong detection signals. When used with exo ϩ polymerases, 3' phosphorothioatemodified primers offer very significant additional advantages in the identification of single-base polymorphisms, ie, primer extension turned on when primer and template were perfectly matched and it was turned off when there was a single-base mismatch at the primer's 3' phosphorothioate-modified terminus. The on/off proofreading phenomenon observed when using exo ϩ polymerases in combination with 3' phosphorothioate-modified primers has great potential for SNP analysis.
With polymerases having 3' to 5' exonuclease, we demonstrated that 3' terminal mismatched primers are easily distinguished over a very broad range of reaction conditions as demonstrated by follow-up digestion with restriction endonuclease EcoR-I. The choice of EcoR-I for this study was based entirely on this enzyme's high efficiency. EcoR-I digestion provides an unambiguous (yes or no) readout with which to assess, using our artificial amplicons model, the effectiveness of polymerases with 3' to 5' exonuclease activity in single-base discrimination studies. However, although it is possible to apply enzymatic digestion to distinguish the primer-extended products for assaying certain SNP sites, it is obviously impossible to use enzymatic detection when high throughput assays of a wide variety of different SNP sites is required. Another weakness of enzymatic digestion in single-base discrimination is that many SNPs do not create new restriction enzyme sites or the new restriction enzyme sites created are linked to very weak enzymes.
We previously suggested a strategy for the development of novel SNP assays using DNA polymerase with proofreading activity together with labeled 3' terminal primers (Zhang and Li, 2001) . As shown with the artificial amplicon harboring an EcoR-I site, polymerases with proofreading activity in combination with 3' allele-specific primers can distinguish single-base differences over a broad range of annealing temperatures. From a technical point of view, a more important question is how to generally apply this striking ability of SNP discrimination by proofreading. To address this question, we tested 3' terminal 3 [H]-labeled and fluorescent-labeled primers in single-base discrimination by proofreading. Similar to the EcoR-I digestion strategy, labeled terminal nucleotides provide an unambiguous readout (yes or no) in single-nucleotide discrimination assayed with exo ϩ polymerases. The 3' terminal mismatched nucleotide that bears the signal to be detected was removed by the proofreading function, whereas the label was retained in the products when primer and template were perfectly matched. The difficulty in removing Rox-labeled 3' terminal nucleotide under standard PCR conditions suggests interference by the label on enzymatic digestion by the 3' exonuclease. The absence of primer extension from mismatched Rox-labeled primer simply indicates a premature termination of DNA polymerization. This was definitively confirmed through the use of 3' phosphorothioate-modified mismatched primers. Moreover, 3' phosphorothioate-modified primers in combination with exo ϩ polymerases demonstrates an attractive on/off switch system for identification of matched and mismatched primers. This is also very promising for the development of practical methods for SNP analysis. Although the underlying mechanism by which the on/off switch operates still remains to be elucidated, the exonuclease-resistant property of the phosphorothioate modification very likely plays a major role as it may delay or block the mismatch removal process mediated by the 3' exonuclease activity of the polymerase.
Altogether, thermodynamic analysis using EcoR-I digestion demonstrates the compatibility of SNP assay by proofreading with the high throughput screening of heterogeneous templates. An assay that can identify SNPs over a wide temperature range should be readily adaptable to high throughput SNP screening under a single standardized set of reaction conditions. The use of isotopically labeled or fluorescently labeled primers provides a detection method that requires neither enzymatic digestion nor gel electrophoresis. Efficient removal of labeled mismatched nucleotide by the proofreading function of exo ϩ polymerase renders possible the implementation of assays for sensitive discrimination of single-nucleotide differences. Clearly the use of polymerases with proofread- ing activity in combination with 3' allele-specific primers represents a viable and efficient approach for SNP analysis.
A somewhat surprising but reasonable result from this study is that polymerases without proofreading activity do not require stringent Watson-Crick base pairing at the initial step of primer extension, which explains the weakness of these polymerases in SNP assays. On the other hand, this piece of data suggests the possibility of using 3' mismatched primers for in vitro mutagenesis. In recent years oligonucleotidemediated mutagenesis has been widely used in gene functional analysis (Hill et al, 1987; Kunkel et al, 1987; Wells et al, 1985) . The currently available methods for introducing mutations through the 5'-end of the primer are able to generate several kinds of mutations but are mostly used for point mutations and require follow-up ligation and at least two separate primer-extension reactions (Hill et al, 1987; Kunkel et al, 1987; Wells et al, 1985) . The new mutagenesis method using 3' mismatched primer is simpler and can produce SNP templates in a one-step procedure.
So far, more than 1 million human SNPs have been identified. These SNPs are distributed in the population at very low frequencies (Sherry et al, 2000; The International SNP Map Working Group, 2001) . It is easy to amplify some SNPs from any individual, but it is impossible to obtain all of the SNPs from a limited number of individuals because of the low frequencies of many SNPs. To screen for known SNPs, it is very helpful to have the set of SNP templates of interest for use in developing the new assay. The ability to introduce point mutation with 3' terminal mismatched primers is thus ideal for the preparation of SNP templates. Mutagenesis with 3' terminal mismatched primers has an additional advantage in genetic analysis in cases where mutation is needed for genes of known sequence. In other words, compared with the 5' mutation method, this new strategy is less likely to introduce unwanted mutations as a result of errors during primer synthesis. It will be recalled that chemical synthesis of oligonucleotides begins at the 3'-end, and this end is, therefore, less likely to harbor accidental mutations. In other words, the sequences near the 3' are more reliable than those at the 5'-end as a consequence of their proximity to the start of the synthetic chemical reaction. Reverse phosphoramidites, which allow the chemical synthesis of oligonucleotides beginning at their 5'-ends, might be a remedy to this situation. However, this technology is not yet routinely available (Marin and Zhang, 2000) .
In summary this study illustrates different applications of DNA-dependent polymerases with and without proofreading activity for SNP analysis. Polymerases with proofreading activity remove the mismatched nucleotide from the primer before it is extended. The efficient removal of the 3' terminal nucleotide by the proofreading activity of exo ϩ polymerases represents a potential new tool for the development of SNP assays. Furthermore, successful removal of 3' isotopic or fluorescent-labeled mismatched nucleotides during primer extension constitutes a signal-detection system requiring no restriction enzyme digestion or gel electrophoresis and could be immediately applied to SNP highthroughput screening. The observed on/off switch with 3' phosphorothioate-modified primers and exo ϩ polymerases further suggests the applicability of these polymerases in the development of SNP assays. This study demonstrates that primerdependent products are responsible for the high rate of false-positives generated in SNP assays that use allele-specific primers extended by polymerases lacking 3' exonuclease activity. Although polymerases lacking 3' exonuclease activity are compromised in single-base discrimination, we demonstrated that their use in 3' terminal mismatched primer extension is a useful method for introducing mutations into defined sequences. The latter is an especially convenient way to prepare SNP templates.
Materials and Methods
Non-isotopic primers were synthesized commercially by Sengon Inc., (Shanghai, China) and MWG Biotech AG (Charlotte, North Carolina). The 3' terminal 3
[H]-labeled primer was from Genomapping, Inc. (Tianjin, China). Deep Vent and Deep Vent (exoϪ) were purchased from New England Biolabs, Inc. The amplicons used for single-base discrimination assay were products of Genomapping, Inc.
Experiment 1: Extension of Unmodified Primers by Exo؊ Polymerase
Deep Vent(exoϪ) (New England Biolabs, Inc.), a polymerase without 3' to 5' exonuclease activity was employed in a two-directional primer extension in annealing temperatures ranging from 46 to 66°C using a short amplicon from mouse renin promoter region with sense primer of TCCCAAGATATCTGAGAATTC and antisense primer of CAGTCTCTAGTTGTGCGGTAAGAAAT. Two additional primers TCCCAAGATATCTGAGAATTG and TCCCAAGATATCTGAGAATAC, mismatched at its 3' and next to its 3' terminal nucleotide, were also used. The 12 annealing temperatures used were 46, 46.6, 47.7, 49.5, 52, 55.2, 58.9, 62, 64.5, and 66°C . Following denaturation at 95°C for 2 minutes, primer extension was carried out for 30 cycles as follows: 30 seconds denaturation at 95°C, 30 seconds annealing, and 30 seconds extension at 72°C.
Experiment 2: Extension of Unmodified Primers by Exo
؉
Polymerase
The EcoR-I restriction site of the short amplicon system was targeted for single-base discrimination with primer extension by polymerase having 3' to 5' exonuclease activity (Table 1 ). The primer extension in a volume of 30 l was performed with exo ϩ polymerase at an annealing temperature of 49.5 and 58.9°C for 30 cycles. One-third of the primer-extended product was digested with EcoR-I before gel electrophoresis. To test the possibility of signal detection without restriction enzyme digestion and gel electrophoresis, primer extension was performed using a 3' terminal 3 [H]-labeled sense primer, TCCCAAGATATCT-GAGAATT, and Rox-labeled sense primer, TCCCAA-GATATCTGAGAATTC. The corresponding wild-type amplicons and templates with single-base mutations from Experiment 1 were used. The point-mutated templates form a T:T single-base mismatch at the 3'-termini of 3 [H]-labeled primer. They also form a C:C single-base mismatch with 3'-end Rox-labeled primer. Primer extension was performed in a total volume of 25 l, with exo ϩ polymerase at an annealing temperature of 58.9°C for 30 cycles. A total of 31,000 cpm hot primers was included in the 25-l final reaction system. Primer-extended products were counted after Qiagen PCR column purification. Primer extension with Rox-labeled primer was performed at an annealing temperature of 53.6°C for 40 seconds with ϫ1 and ϫ0.4 dNTP for 30 cycles; results were analyzed using ABI-3100 with Genescan 3.7.
Experiment 4: Extension of Exonuclease-Resistant Primers by Exo
؉ Polymerase
The 3' phosphorothioate-modification renders primers resistant to exonuclease digestion. Mismatch removal was well recognized to be the mechanism by which exo ϩ polymerase maintains the high fidelity of DNA replication. It is interesting to study the effect of 3' phosphorothioate modification on primer extension between polymerases with and without 3' exonuclease. As mentioned above we used a short artificial amplicon that harbors an EcoR-I site. In addition, another two single nucleotide targets were analyzed directly using genomic DNA extracted from cultured macrophages ( Table 2) . Both match and mismatched primers to each template were 3' phosphorothioate modified. The antisense primers were unmodified primers. The amount of genomic DNA used was 10 ng/l. Primer extension was carried out at an annealing temperature of 58.9°C for 30 cycles.
